Recent work with immunotherapy has shown promising results with treatment of several solid malignancies, and there are several reports of good systemic responses with the combination of immunotherapy and radiation therapy (RT), most notably in advanced melanoma. Given the rapid increase in the use of checkpoint blockade as well as anti-tumor vaccines, we review here the preclinical rationale and ongoing clinical work in combining immunotherapy with RT for small cell lung cancer (SCLC) and thymic tumors. While there are several reports of promising results with the combination of immunotherapy and conventional systemic treatment, we focus here on the ongoing clinical studies that combine immunotherapy with RT, and highlight the emerging data for this multimodality approach as well as key preclinical and clinical issues that remain to be addressed. With regards to SCLC, trials exploring to the combination of immunotherapy and RT are already ongoing, but clinical studies for this combination in thymoma are lacking.
Introduction
Immunotherapy in the context of tumors is a treatment designed to enhance the ability of the immune system to identify and eradicate tumor cells. There has been ample recent evidence to suggest that immunotherapy offers a promising approach for the treatment of several malignancies, notably including solid tumors such as advanced melanoma, renal cell carcinoma, non-small cell lung cancer (NSCLC), as well as hematologic malignancies. Multiple clinical studies are ongoing to examine how best to utilize this promising treatment modality in the context of standards of care (1) (2) (3) (4) .
The role of the immune system in recognizing and attacking tumor cells has been extensively reviewed in numerous reports elsewhere, most recently by Khalil and colleagues in an excellent overview (5) . In brief, it involves the uptake and processing of tumor antigens by antigen-presenting cells (APCs) to activate CD4+ helper T-cells and the ensuing recruitment of CD8+ cytotoxic T-cells to directly kill tumor cells. However, both nontumor immunomodulatory cells within the tumor microenvironment and tumor cells can directly exert an immunosuppressive role to allow the tumor to evade the immune system. One of these mechanisms is the utilization of checkpoint pathways that otherwise are important to protect normal tissue from inflammatory responses. These result in inhibition of anti-tumor T-cell activation. One of the most promising novel treatment strategies, so-called checkpoint blockade, has been demonstrated to block this immunosuppression using specific inhibitors against checkpoint receptors such as programmed death 1 (PD-1) on cytotoxic T-cells or programmed death-ligand 1 (PD-L1) on antigen-presenting or tumor cells, so that T-cell activation can uninhibitedly proceed and elicit anti-tumor responses (6) . Several other approaches also exist, such as adoptive cell therapy, in which native effector T-cells are harvested, engineered to recognize specific tumor associated antigens, and returned to the patient to elicit the anti-tumor response (7) . However, for the purposes of this review, we will primarily focus on checkpoint inhibition and the pre-clinical and clinical data exploring this strategy.
Interest in utilizing radiotherapy and immunotherapy together to exploit synergy of these modalities has grown rapidly (8) . Tumor cell death following radiation is known to generate and expose neoantigens, thus modulating the tumor immune microenvironment as well as the systemic immune response (9) (10) (11) (12) , the topic of several recent reviews (13) . Hence, there has been an emergence of trials incorporating RT rationally, combining its immunepotentiating effect with checkpoint blockade to improve anti-tumor immune response locally and systemically, as well as trials utilizing "maintenance" checkpoint blockade after chemoradiation treatment to maintain an immune response. Here, we review the preclinical and emerging clinical rationale for utilizing immunotherapy in SCLC as well as thymic tumors, and review the ongoing clinical studies that utilize immunotherapy in combination with RT, in these two disease areas.
Small-cell lung cancer (SCLC)
SCLC remains one of the most challenging thoracic malignancies. While great advances have been made in NSCLC in identifying molecular targets (i.e., tumors mutant in epidermal growth factor receptor, anaplastic lymphoma kinase) that have extended survival impressively in some patients, such advances in SCLC have remained difficult. SCLC is aggressive, grows rapidly, and early rapid recurrence and metastasis is a hallmark (14) . Only about a third of patients present with limited stage disease (LS-SCLC), defined as disease in the hemithorax that can be encompassed by a single conventional RT field; the remainder have extensive stage disease (ES-SCLC) (15, 16) .
Treatment options have remained unchanged over many years. Etoposide/platinum doublet therapy is the systemic therapy backbone and standard of care for any SCLC, and the pattern of failure is usually characterized by a good upfront response in most patients and early relapse within the first year (17) (18) (19) . Modifications in the RT approach have been the only contributing factor to improvement in overall survival. These include the timing of RT (concurrent vs. sequential) and the use of twice-daily RT for LS-SCLC, the addition of prophylactic cranial irradiation for both LS-and ES-SCLC, and the addition of consolidative thoracic RT in ES-SCLC (20) (21) (22) (23) . Despite these improvements survival is dismal, with median overall survival for LS-SCLC of about 25 months, and for ES-SCLC of 10 months; analogous 5-year rates are 10%, and about 2% (24) . Hence, even modest improvements with novel approaches have great potential to be superior to the current standard of care.
Immunotherapy rationale
Historically, immunotherapy has been difficult to incorporate in to the treatment of SCLC. There have been a number of negative clinical trials in the relatively recent past, including studies showing that post-treatment maintenance therapy with chemotherapy or biologic agents (alpha and gamma interferons, anti-idiotype BEC2 vaccine) did not improve patient outcomes (25) . A dendritic cell-based p53 vaccine showed preliminary evidence of immunogenicity (26) but its company is now obsolete making further development of that vaccine unlikely. An additional study examining 2 anti-idiotype vaccines (11D10 and GD2) was terminated due to lack of drug availability (NCT00045617).
With SCLC specifically, two notable characteristics highlight how checkpoint blockade might be incorporated into treatment. First, SCLC has a high mutational burden, as discovered most comprehensively by whole genome sequencing of a large sample of SCLC patients, nearly all of which were treatment naive (27) . Bi-allelic inactivation of TP53 and RB1, sometimes by complex genomic rearrangements, was universal. Furthermore, amongst examined solid tumors, SCLC ranks fourth in the number of somatic mutations, a surrogate for the number of neoantigens that a tumor might present to the host immune system (28, 29) ; the top three in that study were melanoma, NSCLC, and bladder cancer. Promising results with checkpoint blockade with two of those three histologies (notably, melanoma and NSCLC) have been observed, and at least in NSCLC, the mutational load seems to govern sensitivity to PD-1 blockade with improved objective response, durable clinical benefit, and © Translational lung cancer research. All rights reserved.
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Second, there are preclinical and clinical data examining T-cell interactions between SCLC and the host immune system. Some in vitro SCLC cell lines appear to secrete IL-15 and induce CD4+ Treg cell mediated immunosuppression (31) and SCLC tumors often contain few infiltrating lymphoid cells (32) . Exactly how this is mediated is not clear, but decreased expression of HLA-class I antigen has been reported (33) and the balance between effector and regulatory T-cells distinguishes ES-SCLC from LS-SCLC and predicts recurrence (34) . This implies that targeting T-cell suppression may be an attractive strategy, and autologous T-cell infusions in patients with advanced SCLC have shown some preliminary evidence of anti-tumor activity in a small non-randomized cohort study (35) .
Additionally, SCLC has long been known to induce paraneoplastic disorders in which the host immune system recognizes and targets antigens present on SCLC tumor cells and also in normal tissue. For example, Lambert Eaton Syndrome results from antibodies directed against shared antigens on SCLC cells and normal neurons, including HuD, HuC, and Hel-N1 (36) . It was noted nearly two decades ago in retrospective report that SCLC patients with Lambert-Eaton syndrome had improved OS as compared to those without the syndrome (37) . Prospective verification of this is ongoing, but the intermediate report is suggestive of benefit (38) .
Despite this suggestive data, a phase II trial in this space examining ipilimumab, an anti-cytotoxic T-lymphocyteassociated protein 4 (CTLA4) monoclonal antibody, in the first-line setting combined with paclitaxel/carboplatin in ES-SCLC showed only a 1-month improvement in immune related progression free survival (accounting for tumor response at index lesions in the face of new lesions), but was otherwise reported as a negative trial (39) . The ensuing randomized phase III trial with ipilimumab and platinum/etoposide was negative for OS or PFS gain, and showed no change in objective response rate (ORR) (40) .
While disappointing, closer examination might yet provide encouragement. As noted by Riess and colleagues (41) , early dropout due to disease progression or toxicity was a major problem. Approximately 15% of randomly assigned patients did not receive the study drug, and only 13% of those assigned to receive ipilimumab lived long enough without progression or toxicity to receive it as maintenance. Likewise, in KEYNOTE 028, just over half of the patients with SCLC screened for PD-L1 expression who were eligible for pembrolizumab, a PD-1 blocker, actually received it (42) . Still, this produced a response rate (RR) of 29%, impressive for previously treated ES-SCLC, and comparable to 19-20% RR observed with nivolumab (a humanized anti-PD-1 agent) or 29-30% RR with pembrolizumab in previously treated NSCLC patients (43) (44) (45) . Hence, overcoming the unique clinical challenges of the ES-SCLC patient population may yet reveal a benefit. As they also state, perhaps priming doses of chemotherapy in ES-SCLC are unable to generate the correct or appropriate level of neoantigen expression to drive functional immunogenicity. Lastly, perhaps a strategy to overcome local microenvironment suppression with anti-PD-1 or anti-PD-L1 antibodies is needed in addition to anti-CTLA-4 targeted therapy in which the priming of cytotoxic T cells is enhanced.
In support of the PD-1/PD-L1 strategy is data from patient samples that noted SCLC cells did not show activation of the pathway, but instead tumor-infiltrating macrophages and tumor-infiltrating lymphocytes (TILs) were activated in ≤50% of the 94 patient samples analyzed, at least suggesting that evaluation of the tumor microenvironment (and not just the tumor itself) should be included in clinical trials (46) . Furthermore, additional evidence comes from the Checkmate 032 study that examined nivolumab with or without ipilimumab in pretreated SCLC patients with progressive disease (47) . A RR of 19-23% was observed for the combination of nivolumab and ipilimumab compared to 10% with nivolumab alone, and progression-free survival appears to be improved over nivolumab alone, though this was not the intent of the analysis.
The regimens of single agent and combination therapy with checkpoint inhibitors were tolerable; grade 3 or 4 treatment-related adverse events occurred more often in patients receiving the combination of nivolumab and ipilimumab compared to nivolumab monotherapy. Side effects of nivolumab and pembrolizumab in SCLC were similar to those described in the treatment of other cancers with the possible exception of rare autoimmune events such as limbic encephalitis and myasthenia gravis (MG) (47) .
Clinical trials of immunotherapy incorporating radiation in SCLC
While there are several trials of immunotherapy with systemic therapy in SCLC that have been reviewed just recently (48) , here we will focus on the three ongoing studies that include RT ( Table 1 ).
The first focusing on LS-SCLC is the phase II STIMULI trial, incorporating induction with concurrent ipilimumab and nivolumab at about 6-8 weeks following the fourth cycle of standard of care concurrent chemoradiation for LS-SCLC (49). All patients will also undergo prophylactic cranial irradiation following chemoradiation. The induction phase will incorporate four infusions of both checkpoint blockers, to be then followed by maintenance nivolumab alone. The strategy is based on the rationale of combining ipilimumab's peripheral T-cell priming to increase intratumoral T-cells with maintenance PD-1 blockade to then attempt to sustain this activated cell population. One major question will be whether four cycles of chemotherapy with concurrent radiation will lead to suboptimal neoantigen presentation and priming by the time ipilimumab is delivered 2 months following the last dose of therapy, which might not yield the benefit of administrating ipilimumab earlier in the regimen. This study will be open across multiple centers in Europe and is estimated be completed in 2019.
Similarly, a single-institution phase I dose-escalation study is underway at M.D. Anderson for pembrolizumab given with concurrent RT in two populations (50). The first will include patients with untreated LS-SCLC, and notably, pembrolizumab will be administered upfront with concurrent chemoradiotherapy with platinum/etoposide for standard four cycles, with twice daily RT to the chest in 150 cGy fractions for a total dose of 45 Gy. The second group will include patients with untreated ES-SCLC for whom the treatment paradigm will include pembrolizumab starting with cycle 3 of chemotherapy. RT will be the same dose as the LS-SCLC group, but the timing of this is left open at this point, likely given that the ES-SCLC population will be very heterogeneous and the timing of RT will depend on the response to chemotherapy as well as the functional status of each patient. Given that this is a phase I trial, dose limiting toxicities will be the main focus to judge whether concurrent RT in this potentially ill population will be feasible, with helpful data on pulmonary function and toxicities exacerbated by radiation, but this should provide data for the design of future studies to move checkpoint blockade agents in the first-line setting, and whether twice daily RT in combination with checkpoint inhibition is a manageable strategy.
Both of the above studies will be primarily useful to help judge the effectiveness of the immunotherapy, and perhaps some measures on whether RT augments this in the ES-SCLC population. However, a recently-opened randomized phase II study at Emory University explores whether RT has any impact in eliciting an abscopal effect in SCLC, defined as response in lesions away from that which received local therapy. It combines dual checkpoint inhibition using tremelimumab and durvalumab, anti-CTLA4 and PD-L1 antibodies respectively, with or without RT (51) . In the arm without RT, infusion is every 4 weeks, but in the RT arm, this is preceded by stereotactic body radiation therapy (SBRT) or hypofractionated RT, either daily for 5 days or for three fractions every other day. The primary outcome measure is PFS, and secondary endpoints include the immune-related RR. Crucially, the protocol also specifies paired biopsies at baseline, end of cycle 2, and at progression to characterize evolution in TILs and PD-1/PD-L1 expression, and will allow study for whether this combination approach in SCLC patients shows similar synergistic efficacy as has been seen in melanoma (52) .
These are the three main ongoing studies that focus on intersecting RT with immunotherapy in SCLC, and will help to inform basic questions on tolerability, response, and elucidate the intratumoral and circulating host immune responses to immunotherapy and RT combinations. Additional questions on the optimal dose of immunotherapy, dose and fractionation of RT, selection of radiation targets, and how to time the two treatment modalities will remain for future studies. The approach in nearly all cases is empiric, however, there is no solid data at this time to suggest the superiority of one of these combinations over another in any disease, including SCLC.
Thymic tumors
Thymic tumors represent a heterogeneous group of rare conditions, accounting for less than one percent of all malignancies. Ninety percent of all thymic tumors are thymomas. The 5-year survival rates for thymomas are well above 70% (53, 54) . However, locally-advanced thymomas frequently recur in a more disseminated distribution, mostly in the pleural space, a challenge that is frequently addressed with local therapies such as surgical resection or RT, yet not always with long-term success. For example, in a series of 156 patients with stage II-IV thymoma treated with definitive or adjuvant RT across two large institutions, failures out of the radiation field were the most common, and the five-year failure rate was 24% (55) . Still, postoperative RT in stage II and III thymoma does appear to portend an OS benefit in a large multi-institutional retrospective analysis of 1,263 patients (56) .
Thymic carcinomas constitute the most common other histology of thymic tumors, a different disease that is much more aggressive and often treated with tri-modality therapy (57) (58) (59) . Patients treated with such an aggressive approach appear to have better survival compared with less aggressive treatment among patients with stage III disease (60) . In a large international analysis of 1,042 patients with thymic carcinoma, a margin-negative resection and adjuvant RT were important for OS. Still, recurrence rate at 5 years was about 35% and median OS was 6.6 years (61). Systemic therapy is typically with platinumbased treatment, offering significant disease response and palliation of symptoms in advanced patients (62) .
The rare nature of thymic tumors has made largescale preclinical data difficult to generate. This led to the creation of the International Thymic Malignancy Interest Group (ITMIG) and the development of a large, centralized database across 50 institutions with over 6,000 cases at present (63) . This collaboration has allowed for consensus guidelines to be developed for classification of thymoma (64), a proposal for standardized TNM staging of thymic tumors (65, 66) , and response criteria to judge the effectiveness of RT (67) .
With regards to immune interactions, thymomas have long been known to interact with T-cell development. For example, an association with MG, a disorder characterized by chronic muscle weakness and antibodies targeting a particular peripheral postsynaptic nicotinic acetylcholine receptor, has been long known. Nearly two decades ago, in a series of 20 patients with thymoma with MG, a higher prevalence of a particular CTLA-4 polymorphic allele with a 3'-untranslated region (AT)n-repeat polymorphism was noted as compared to non-thymoma related MG (68) . However, in that study, there was no group of thymoma patients without MG. MG in thymoma seems to be dependent on export of autoreactive CD4+ T-cells, though the exact mechanism still seems to be unclear (69) . Associations between CTLA-4 alleles and MG in thymoma patients have been found in populations of Caucasian Germans, as well as Chinese patients (70, 71) . Still, how this actually impacts the pathogenesis of thymoma, MG, or thymoma-associated MG is not known. Lastly, how CTLA-4 expression impacts patient outcome remains unknown.
Furthermore, the molecular biology of thymic tumors is only just beginning to be understood. Very few cell lines exist; three are from thymic carcinoma patients, and the first reports of B1 and AB lines are still relatively recent (72) . While genomic aberrations have been known for some time (73, 74) in that specifically B3 thymomas display extensive chromosomal imbalances, only one study has performed whole genome sequencing (75) and did not identify any mutations of well-characterized cancer genes. Hence, little molecular biology is known about how to integrate immunotherapy approaches for thymomas, for example in the mutational load of thymoma patients.
A few studies have examined the PD-1/PD-L1 pathway in thymic tumors. One Japanese study investigated PD-L1 expression measured by immunohistochemistry and found that PD-L1 expression was significantly higher in thymic carcinomas than in thymomas (76) . Data from Stanford University on 69 tumors and 17 normal controls showed strong staining of the epithelial component of thymic tumors, with a higher prevalence in B1-3 thymomas and thymic carcinomas; there was some suggestion of worse prognosis in the PD-L1 positive patients (77) . Another study from Japan similarly suggested that PD-L1 expression was associated with more advanced Masaoka stage at presentation and WHO type B2 or B3 thymoma, as well as worse disease-free survival (78) . The same group also found that 3 of 11 patients with thymic carcinoma showed increase in PD-L1 copy number, and increased expression in these patients correlated with improved OS (79) . Lastly, PD-L1 expression was also found in a French series of 104 patients, again confirming the previous data (80) .
Another report examining tissue from 15 patients with thymic carcinoma noted strong PD-L1 immunostaining in a third of patient samples (81) . Lastly, one anecdotal report also exists showing complete radiographic response to anti-PD-1 therapy in a patient with metastatic thymic squamous cell carcinoma (82) , as well as one that noted an abscopal response in a patient with thymic carcinoma who was pretreated with granulocyte-macrophage colony-stimulating factor and underwent RT to a single metastasis (83) .
Outside of checkpoint blockade studies, alternative immune-directed approaches using specific antigenic targets only recently have begun to show promise. The largest series of thymic epithelial tumors to be examined for expression of mesothelin, a surface antigen present on normal mesothelial cells lining the pleura, peritoneum and pericardium, noted a majority of thymic carcinomas (79%) and only a small fraction of thymomas (10%) showed expression (84) . In thymic carcinoma, a third showed nearly uniform tumor cell expression, and notably, those with high expression had improved OS. Specific mesothelin-targeted treatment has shown promise in both mesothelioma (with an antimesothelin immunotoxin) as well as advanced pancreatic and ovarian cancer (antibody-drug conjugate), suggesting this may be a promising target in thymic carcinoma as well (85, 86) .
Clinical trials of immunotherapy in thymic tumors
Currently there are no clinical trials that combine RT with immunotherapy for thymic tumors. Indeed even those examining immunotherapy alone are few. To our knowledge, only two trials have reported early results with immunotherapy in thymic tumors.
Early results from a phase II study on pembrolizumab in patients with recurrent thymic carcinoma reported that 30 patients showed an objective RR (ORR) of 24%, with five patients with partial response and an additional 10 with stable disease; nearly all of those patients that responded are now beyond 15 cycles of drug (NCT02364076) (87) . Of note, an unusual spectrum of autoimmune disorders accompanying this therapy was noted, including polymyositis/myocarditis and type 1 diabetes, manifesting as grade 3 asthenia, complete heart block, and grade 4 hyperglycemia. All recovered with discontinuation of drug and with steroids. Additional studies with pembrolizumab in thymoma are open at MDACC (NCT02721732) and in South Korea (NCT02607631).
Another early report on a phase 1 study of avelumab, a fully human IgG1 anti-PD-L1 antibody, in advanced thymoma (NCT01772004) (88) found that in a cohort of 7 thymoma and 1 thymic carcinoma patients, 4 patients had a partial response (all thymoma), and the only thymic carcinoma patient had stable disease. Similarly as in the study on pembrolizumab, uncommon immune-related adverse events were observed in five patients, including asthenia, myalgia and myositis, among others, and three of the four responding patients had myositis.
Still, immunotherapy in thymoma is only in its infancy. The early preclinical and clinical data appear to be promising, but our understanding of how thymic tumors interface with the host immune system remains poor, largely due to the difficulty of studying the disease owing to its clinical rarity and the availability of few in vitro models. Aside from data on response, these pioneering studies will provide crucial correlative and exploratory data that will allow further investigation of the basic biology of thymic tumors and their interaction with the immune system that will finally allow us to understand this disease better and ultimately provide better specialized and more effective treatment.
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